ABSTRACT: Knowledge of the ceiling temperature and thermodynamic variables for low ceiling temperature polymers is critical to understanding the material's synthesis and use. Synthesis of the polymer below its ceiling temperature is the routine polymerization route. In situ 1 H NMR of the equilibrium polymerization reaction can provide critical information for determining the enthalpy and entropy of polymer formation. Three polyaldehydes were synthesized with in situ 1 H NMR, and their energies of formation were determined for the linear region of ceiling temperature. Insights into the mechanism of polymerization were also found using this method.
INTRODUCTION Self-immolative polymers are of interest due to their ability to rapidly depolymerize when triggered. [1] [2] [3] [4] [5] [6] [7] Self-immolative polymers which depolymerize into small monomer units can be used in applications such as drug delivery, dry developing photoresists, transient electronics, and recyclable plastics. 8, 9 The intrinsic value of selfimmolative polymers comes from their thermodynamic properties. Taking advantage of the low ceiling temperature of the polymers allows rapid depolymerization at moderate to slightly elevated temperatures, like those of the human body or a temperature-controlled building.
Knowing the ceiling temperature of a polymer is essential to determining the optimum reaction conditions for high yield and high molecular weight polymer synthesis, which is critical in the application of these self-immolative polymers. Measuring the saturation yield involves measuring the concentration of the monomer as a function of temperature. The most common method for calculating the ceiling temperature of a polymer involves measuring the saturation yield of the monomer by evaluating the polymer yield after polymerization. 10, 11 Many factors can negatively affect accuracy of the polymer yield, including human error and erroneous polymer properties. For example, self-immolative polymers may not be easily dried of solvent due to their low thermal stability and low glass transition temperature. A higher yield would be apparently achievable despite the reality of a solvent-rich weight.
Aso et al. were successful in developing an in situ IR method for monitoring the monomer concentration for poly (phthalaldehyde) polymerization, but were limited by the temperature control. 12, 13 The variable temperature NMR method for measuring monomer concentration and polymer thermodynamics has been disclosed before but has not been applied to very low ceiling temperatures polymers such as polyaldehydes. [14] [15] [16] [17] [18] In this paper, variable temperature 1 H NMR was used to measure the polymer ceiling temperature and to provide additional insight into the thermodynamics of polymerization for several low ceiling temperature polyaldehydes. It is shown that a wide range of temperatures are readily accessible in the NMR experiment for finding the true "region of ceiling temperature." 8, 19 Similar to polymer yield experiments, the equilibrium monomer concentration at each temperature is used to determine the ceiling temperature by extrapolation of a linear fit of natural log of monomer concentration versus inverse of absolute temperature. [16] [17] [18] This method can also be used to help identify the depolymerization/polymerization kinetics, either by examining the catalyst interactions or by identifying temperature regions dominated by polymerization and depolymerization. In this paper, the enthalpy and entropy of polymerization are determined by in situ, variable temperature 1 H NMR for three low ceiling temperature polyaldehydes.
EXPERIMENTAL

Materials
Ortho-phthalaldehyde (PHA) was obtained from Alfa Aesar (98% purity) and purified by sublimation at 50 8C under vacuum. Boron trifluoride etherate (BF 3 -OEt 2 ) was purchased from Acros Organics and used as-received (ca. 48% BF 3 ). Methylene dichloride-d 2 (DCM-d 2 ) was purchased from Sigma-Aldrich and used as-received. ACS Reagent-grade hexane, tetrahydrofuran (THF), and methanol were purchased from BDH and used as-received. ACS Reagent-grade methylene dichloride (DCM) was purchased from BDH and dried over molecular sieves. Butyraldehyde (BA) was purchased from Alfa Aesar and purified by mixing with CaH 2 over night and distilled over molecular sieves.
Characterization Equipment
A Bruker DMX 400 MHz tool was used for 1 H NMR experiments. DCM-d 2 was used as the reaction solvent with the residual solvent peak at 5.32 ppm as the internal reference. The temperature of the Bruker NMR cavity was calibrated from the chemical shift differences of a pure solution of methanol. 20 In this calibration, the difference between the CH 3 and OH hydrogen peaks is measured in hertz. As temperature cools, the hydrogens in the CH 3 and OH moieties move further apart. Each reaction was allowed to proceed at temperature until no change was observed in the integrated peaks.
Methods
Determination of the thermodynamic properties of the polymerization reaction requires that the polymerization reaction be in thermodynamic equilibrium. The equilibrium polymerization reaction is shown in eq 1.
In eq 1, M is monomer, M n is a propagating polymer chain of length n units, K is the equilibrium constant for the reaction, and M n11 is a propagating chain of length of n 1 1 units. The reaction can be described thermodynamically by assuming equilibrium conditions for the propagating chain and assuming n is large so that the length of M n is approximately equal to the length of M n11 . The resulting equation, eq 2, can be used to determine the change in enthalpy and entropy of polymerization.
In eq 2, DH o is the change in enthalpy of polymerization in J/mol, R is the ideal gas constant, T is the absolute temperature, DS o is the change in entropy of polymerization in J/ 
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RESULTS AND DISCUSSION
The poly(phthalaldehyde) data was previously reported by Schwartz et al. 22 NMR of PHA monomer has peaks at 10.45 (a, 2H, aldehyde, singlet), 7.98 (b, 2H, phenyl, quadruplet), and 7.79 (c, 2H, phenyl, quadruplet). BF 3 -OEt 2 alone has peaks at 4.21 (4H, ACH 2 A, quadruplet) and 1.40 (6H, ACH 3 , triplet). The integration of the 1 H peaks was normalized to the residual methylene dichloride solvent peak at 5.32 ppm, which remains constant within each experiment. Integrations of the PHA aldehyde peak provided the equilibrium concentration of monomer at each temperature. Equilibrium between the PHA monomers and BF 3 -OEt 2 catalyst was reached within 15 min at each temperature. The temperatures were chosen based on previous reports of the ceiling temperature for poly(phthalaldehyde) (PPHA).
12 Figure 1 shows the 1 H NMR spectra for PHA in the PHA polymerization between 225 8C and 235 8C. The peaks at 7.34 and 7.42 ppm are polymerized phthalaldehyde phenyl protons. The peak at 6.45 ppm is the proton on the carbon in the PPHA polymer backbone next to the ether linkage which is complexed with BF 3 .
The increase in the two doublet peaks at 7.34 and 7.42 ppm (f and e) shows the formation of PHA polymer. At temperatures slightly above the ceiling temperature, Figure 1 , some polymer yield is observed. This small polymer yield asymptotically approaches zero, as observed when the ceiling temperature phenomenon was first reported. 10 In this case, the asymptotic approach could be due to the catalyst, which lowers the activation energy for both the polymerization and the depolymerization reactions. At temperatures between 225 8C and 235 8C, the depolymerization reaction dominates the polymerization reaction and only a small polymer yield is observed in the peaks at 7.34 and 7.42 ppm (f and e). Figure 1 is the change in the diethyl ether corresponding to free diethyl ether (3.48 ppm) and diethyl ether complexed with BF 3 (4.21 ppm). At 225 8C, the peaks are from a singlet at 4.21 ppm (complex with BF 3 ) and a small, broad peak at 3.48, corresponding to ACH 2 A protons for free diethyl ether. At lower temperature in Figure 1 , the ACH 2 A protons shifted from 3.48 ppm to 3.43 ppm and become better defined. Similarly, the peak at 1.35 ppm, corresponding to ACH 3 protons from diethyl ether, split as the temperature decreased. This peak shift reflects BF 3 forming a complex with PHA monomer and the poly(phthalaldehyde) ether backbone. Figure 2 shows the 1 H NMR spectra for PHA polymerization from 242 8C to 280 8C. As the temperature was lowered to 242 8C, the monomer was consumed as shown by a decrease in the peak height at 10.45 ppm (a). As the temperature was lowered to 280 8C, a near complete conversion of the monomer to polymer was observed. Similar to the higher temperature spectra in Figure 1 , peaks corresponding to formation of polymer at 7.4 ppm (e and f) increased in area. The broad-shaped peaks from 6.4 to 8.0 ppm (d, e, and f), which are typical of polymer formation, became more pronounced as the temperature decreased. At 280 8C, almost all of the monomer was consumed, leaving only a small monomer peak at 10.45 ppm.
Also of note in
Integrations of the monomer peak at 10.45 ppm provided the monomer concentration at each temperature. The area of the peak at room temperature was used as a reference for the initial monomer concentration of 0.75 M. The natural log of the monomer concentration was then plotted versus the inverse of absolute temperature, as shown in Figure 3 . The dashed line in Figure 3 shows the original monomer concentration at temperatures well above the ceiling temperature, and the solid line shows the linear approximation of the monomer concentration at temperatures below the ceiling temperature. The slope and intercept of the solid line can be used to obtain the enthalpy and entropy for the polymerization (eq 2), 236.5 kJ/mol and 2151 J/mol-K, respectively. Equation 3 can then be used to determine the ceiling temperature, 235.4 8C, which is represented graphically as the intersection of the dashed and solid line in Figure 3 .
Additional syntheses were performed in the region of the ceiling temperature, 278 8C, 264 8C, and 245 8C, to the ceiling temperature and thermodynamic values from polymer yield experiments. The polymer yield, as determined by weighing the polymer after synthesis, was subtracted from the starting concentration of monomer to determine the monomer saturation concentration at each temperature. and 279.6 J/mol-K, respectively, and a ceiling temperature of 238.6 8C. Table 1 shows the thermodynamic variables and ceiling temperature for the two methods in this study and a previous report for comparison. Results from the polymer yield data are closer to previously reported values because both sets of data were obtained by the same method. However, the in situ NMR has fewer potential sources of error and uncertainties because the monomer concentration can be directly measured at each temperature while the polymer yield data can be distorted by loss of product during isolation or improper purification of polymer leading to slight depolymerization or presence of residual solvent.
Copolymers with PHA have been previously synthesized, but the equilibrium thermodynamic data has not been reported. 23, 24 The contribution of each type of aldehyde to the forming polymer was determined by in situ NMR. The interaction of BA with BF 3 -OEt 2 has previously been studied. 25 Hashimoto et al. used gas chromatography to determine the amount of residual monomer from aliquots of a reaction between BA and BF 3 -OEt 2 . The cyclic trimerization of BA was found to occur at temperatures below 22 8C. Similar to ceiling temperature equilibrium, the trimerization yield increased with decreasing temperature. This interaction of BA with BF 3 -OEt 2 is important in understanding the copolymerization of BA with PHA.
In situ NMR was performed with BA monomer and BF 3 -OEt 2 catalyst in DCM-d 2 to investigate the role of BA trimerization. The resulting thermodynamic variables were obtained for BA polymer and compared to previous values. Figure 5 shows the 1 H NMR spectra for the reaction of BA with BF 3 -OEt 2 between 25 8C and 230 8C. BA monomer has peaks at 9.72 (a, H, aldehyde, singlet), 2.39 (b, 2H, ACH 2 A, triplet of doublets), 1.62 (c, 2H, ACH 2 A, multiplet), and 0.94 (d, 3H, ACH 3 , triplet) ppm. The aldehyde peak for BA at 9.72 ppm was used to monitor the concentration of BA monomer, just as in the case for PHA. Significant changes in the spectra occurred for the reaction of BA with BF 3 -OEt 2 as the temperature decreased. A peak at 4.84 ppm (e, H, AOCHA, triplet) corresponding to BA trimer formation appeared at 10 8C and becomes larger at lower temperatures. Peaks corresponding to the ACH 2 A protons of BA also shifted upfield as a result of trimer formation to multiplets at 1.37 and 1.58 ppm (f and g). The 1.58 ppm multiplet is somewhat obscured by the monomer peak at 1.62 ppm (d).
Two additional peaks appear in the spectrum as the temperature decreased. The first, at 9.23 ppm, is most likely due to complexation of BF 3 with the aldehyde functionality of BA, because BF 3 is known to complex easily with aldehydes. This could cause this upfield shift in the aldehyde proton upon complexation. 26, 27 The second peak which increased as the temperature decreased is at 6.59 ppm. This peak most likely corresponds to the complexation of BF 3 with the ether bonds of the BA trimer, shown in Figure 6 . There is no significant change in the 1 H NMR spectra for the reaction of BA with BF 3 -OEt 2 at temperatures between 230 8C and 280 8C. This shows that the BA/BF 3 -OEt 2 reaction is complete below 230 8C, and there is no further consumption of monomer or change in the oligomer (i.e., BA trimer). BA monomer concentration can be used to determine the thermodynamic variables for the BA/BF 3 -OEt 2 reaction. Figure 7 is a graph of the natural log of the BA concentration versus inverse temperature. The BA monomer concentration decreased dramatically as the temperature was lowered from room temperature to 230 8C. As observed in the NMR, below 230 8C the BA concentration is almost constant with a small increase in the concentration at very low temperature. The ceiling temperature and thermodynamic values for BA trimerization were calculated using the aldehyde concentrations at or above 230 8C. This is shown in Figure 7 by the linear regression fit (i.e., straight lines on the graph) through the temperature region near the ceiling temperature. The copolymerization of BA and PHA was attempted using the same reaction conditions as described for the separate PHA and BA synthesis. The entropy and enthalpy of copolymer formation have not previously been reported. An in situ NMR reaction was performed for the BA-PHA copolymer synthesis with BF 3 -OEt 2 catalyst. The monomers were added at a mole ratio of 4 PHA to 1 BA, and the NMR analysis was performed as before. The initial monomer peaks at room temperature were unchanged from previous experiments. Figure 8 shows the 1 H NMR spectra for the copolymerization of PHA and BA at temperatures between 25 8C and 230 8C.
As with the BA-only reaction, a peak corresponding to the formation of BA trimer at 4.84 ppm appeared at temperatures below about 10 8C. There is not, however, a peak corresponding to the BA trimer/BF 3 complex, as was seen at 6.59 ppm with the BA-only synthesis. It appears that the reason for this is the affinity of BF 3 for the PHA monomer. The BF 3 catalyst preferentially bound to the PHA monomer over the BA monomer, possibly due to the electron withdrawing nature of the dialdehyde or due to the proximity of the second aldehyde in the cyclization of PHA. This conclusion is supported by the observation that a peak at 6.34 ppm appears in the BA-PHA synthesis that is not present for the polymerization of the PHA or BA homopolymers. The peak at 6.34 ppm can be attributed to BF 3 complexed to a PHA ether that is covalently bonded to a BA, as shown in Figure  9 . The number of BA or PHA monomers involved in this structure could not be determined. The chemical structure shown in Figure 9 is to provide one possible structure that would satisfy the peak at 6.34 ppm. Similarly, another peak at 5.16 ppm appeared and increase in size as the temperature was lowered along with the increase in size of the peak at 6.34 ppm. The peak at 5.16 ppm could be the BA ether proton when covalently bonded next to a PHA monomer. As the temperature was lowered to approach the PHA ceiling temperature, the peaks associated with the formation of the poly(phthalaldehyde) ether backbone, broad peaks from 6.25 to 7.25 ppm, and the complexation of BF 3 with the poly(phthalaldehyde) backbone, singlet at 6.45 ppm, also appeared. Lowering the temperature below 230 8C allows PHA to copolymerize with BA, because PHA is below its ceiling temperature. Figure 10 shows the in situ 1 H NMR spectra for the copolymerization of PHA and butyraldehyde from 230 8C to 280 8C. The broad polymer peaks at 6.25 to 7.25 ppm (i and j) associated with polymerized PHA become more pronounced at lower temperatures. The butyraldehyde monomer and trimer peaks are unaffected by the drop in temperature from 230 8C to 280 8C, because the BA utilization is already at its maximum as observed in the BA-only NMR. Figure 11 is an expanded view of the copolymer 1 H NMR spectra for the range of 230 8C to 280 8C to better show the polymer peak associated with butyraldehyde incorporation into the BA-PHA copolymer. The broad peak from 5.3 to 5.6 ppm (k) is associated with protons of the butyraldehyde ether when the BA is incorporated into the BA-PHA copolymer. At the lowest temperature, 280 8C, the BA content in the BA-PHA copolymer is 5 mol% butyraldehyde.
The effect of temperature on the BA-PHA copolymerization can be examined by measuring the BA and PHA monomer concentrations. The natural log of BA monomer concentration versus inverse temperature is shown in Figure 12 . Unlike the case with the BA only polymerization, BA uptake in the polymerization reaction does not begin until the temperature drops to about 0 8C. This is likely due to participation of PHA in the reaction, which, if involved, would shift the ceiling temperature for BA consumption closer to that of PHA. Similar to the BA-only reaction, the BA monomer concentration drops only until the temperature is about 230 8C. Below 230 8C, the BA monomer concentration does not decrease further. Linear regression of the log of BA versus FIGURE 9 One possible structure for the polymer formed with one PHA and multiple butyraldehyde monomers. A BF 3 molecule is also shown to illustrate a possible complexation structure to explain 1 H NMR peak at 6.36 ppm.
FIGURE 10
1 H NMR spectra of the polymerization of butyraldehyde and PHA for the temperature range of 230 8C to 280 8C.
[Color figure can be viewed at wileyonlinelibrary.com] Table 2 shows the thermodynamic values and ceiling temperatures for BA trimer and the copolymer synthesis.
The copolymer values are slightly more exo-enthalpic and exo-entropic than those for the BA trimer. This implies that PHA is changing the thermodynamic equilibrium for BA polymerization by allowing BA to form a larger molecule than just a trimer.
The incorporation of PHA into the copolymer helps maintain the solubility of the polymer in the solvent during polymerization by breaking up the high crystallinity of BA polymer. 28 As shown, the yield of PHA copolymer is higher at colder temperatures. This is shown in Figure 13 , where the log of PHA monomer concentration is plotted versus inverse temperature. The PHA monomer concentration drops with temperature, just as with PHA homopolymer synthesis except at 280 8C where the PHA monomer concentration increased slightly. This could be due to the insolubility of copolymer formed, or the fact that the equilibrium with BA was negatively impacted by lowering the temperature to colder values. Linear regression of Figure 13 in the region of the ceiling temperature yielded thermodynamic variables associated with PHA copolymerization: enthalpy and entropy of formation are 225.9 kJ/mol and 2104.0 J/mol-K, respectively, and the ceiling temperature is 230.2 8C. The thermodynamic values are significantly less negative than for the PHA polymerization. One explanation could be that the low molecular weight copolymer formed with BA creates an unfavorable pathway to achieving a high molecular weight copolymer. An alternative explanation could be that initiation of a copolymer chain involves a ratio of the two individual monomer energies of formation, giving an apparent increase (less exo-enthalpic and exo-entropic) in the PHA thermodynamic values. PHA in the copolymer has a warmer ceiling temperature, which can be attributed to the incorporation of PHA into a low molecular weight BA copolymer.
CONCLUSIONS
The thermodynamic variables for three low ceiling temperature polymerizations were determined by 1 H NMR. The accuracy and ease of measuring the monomer saturation yield in situ provide a reliable method for determining ceiling temperature of the polyaldehydes. Additional thermodynamic information was obtained from the in situ measurements, including thermodynamic values, the role of the catalyst, and insight into the mechanisms of polymerization. These insights into the equilibrium of low ceiling temperature polymers can lead to improved control over the polymer that is formed. 
